A new series of indole carboxamides have been synthesized through coupling reactions. Several substitutions on the aromatic ring and on the amino acids are well tolerated, and the corresponding indole carboxamides have been obtained with good yields. The same procedure can be also extended to the pyrrole nucleus. Four of these compounds have been screened for their antimicrobial activity against ten different yeast strains and two of them showed an antifungal activity. Further explorations are required to clarify a potential applicability in biological fields.
Introduction
Amide bond plays a key role in the development and the composition of many biological systems, be they natural or synthetic molecules. [1] [2] [3] For example, it is present in some proteins that play a crucial role in enzyme catalysis, in blood transport/storage processes (haemoglobin), in immune protection (antibodies) and in the mechanical support (collagen). Amides are also widely employed in the preparation of fine chemicals, cosmetics, food additives and pharmaceutical drugs. Detailed analyses reported by the Comprehensive Medicinal Chemistry database found that more than 25% of common drugs bear amide functionality. [4] [5] [6] For example Penicillin, a bacterial antibiotic, Taxol, an anticancer agent, Lisinopril, one of the inhibitors of Angiotensin, Valsartan, an antihypertensive and Atorvastatin (Lipitor) that is used to treat high cholesterol. Therefore, it is not surprising that in 2007 the American Chemical Society Green Chemistry Institute Pharmaceutical Roundtable voted "amide formation" as the priority area of research for the pharmaceutical industry. In fact, the 65% of all preliminary screening reactions in industrial medicinal chemistry laboratories employ the amide linkages. [7] [8] [9] This is due to the favourable properties of carboxamides being neutral, stable and able to be acceptors or donors of hydrogen bonds. In addition, their high bonding polarity as well as their conformational diversity make them one of the most popular functional groups of organic chemistry. The amide function linked to an indole nucleus is particularly important in the pharmaceutical field. Indole is a privileged structure in various research areas such as: pharmaceuticals, agrochemicals and organic functional material science. The broad spectrum of applications of the indole justifies it being addressed as the "Lord of the Ring". 10 In particular, indole-2-carboxamide scaffolds are known to have significant biological activity such as antitumor, [11] [12] [13] anti-infiammatory, [14] [15] [16] antitubercular, [17] [18] [19] antibacterial [20] [21] [22] and antifungal [23] [24] [25] [26] (Figure 1) . A possible anti-tumor activity is described through growth factor inhibition for kinase tyrosine protein receptors (PTKs), which are found over-expressed in cancer cells. 12 Indolylarylsulfone carboxamides carrying a heterocyclic tail are reported as potential anti-HIV-1/AIDS agents, 27 and other 1H-indole-2-carboxamide derivatives were discovered as novel inhibitors of the androgen receptor binding function 3 ( AR-BF3) showed an antiproliferative activity against wild type and drug resistant prostate cancer cells 28 (Figure 1 ). Several studies of structure-active relationships (SAR) on indole based carboxamides are reported in the literature relate to activity as inhibitors of the Hepatitic C virus (HCV) NS5B polymerase 29 or inhibitory mode against human liver glycogen phosphorylase (HLGPa). 30 Furthermore, some papers report for indole carboxamides 31 and pyrrole carboxamides 32, 33 an inhibitory capacity of MAO-A, which is useful for the treatment of depression and anxiety states, and MAO-B, exploited in the treatment of Parkinson's disease. Based on the literature data concerning the promising potential of the indole carboxamides, our idea was to combine two biologically relevant scaffolds such as indole and various natural amino acids. Only sporadic examples are reported in the literature for the indole carboxamides based on amino acids. These investigations are related to their agonist activity at the level of NMDA receptor subtype (GluN1/2A-D), expressed at the level of the central nervous system. 34 A series of dipeptide indole carboxamides containing indole-2-carbonyl unit display potent inhibitory activity against the severe acute respiratory syndrome promoted by Coranovirus (SARS-COV 3Cl). 35 These compounds can be particularly attractive under pharmaceutical profile because are peptidomimetic substrates. Herein we report the synthesis of a new series of indole or pyrrole carboxamides based on amino acids. Some of these derivatives have been screened for possible antimicrobial and antifungal activities against ten different yeast strains. Eight of them belongs to the four species of the genus Candida, an opportunistic fungal genus presents in both medical and environmental fields and responsible for different types of infections, with the higher isolation frequency: Candida albicans, Candida glabrata, Candida parapsilosis and Candida tropicalis. The other species considered in our study are Meyerozyma guilliermondii, a member of the same genus isolated in fewer cases, but still capable of causing major infections; and Saccharomyces cerevisiae, which represents the study model for microbial eukaryotes, chosen as an outgroup. Due to limited number of studies of the effect of these compounds against yeasts, this screening represents a quite new field of application of these derivatives.
Various methods for amidic formation have attracted the attention of organic chemists and a variety of synthetic strategies have been developed and optimized. [36] [37] [38] [39] [40] [41] The formation of the amidic bond involved amino acids often occurs with difficulty as it can lead to low yields, racemizations of chiral centres, degradation of products and complications during the purification. The synthesis of indole and pyrrole 2-or 3carboxamides were carried out via a coupling reaction by combining indolic or pyrrolic nucleus with various natural amino acids (Schema 1). The reaction initially proceeds with the addition of N,Ndicyclohexylcarbodimmide (DCC) to indole or pyrrole carboxylic acids in tetrahydrofuran (THF) giving to the intermediate O-acylurea. 37 After 10 minutes, the addition of N-hydroxybenzotriazole (HOBt) leads to the formation of the corresponding activated ester. Meanwhile, a suspension of the amino acids and trimethylamine in dry tetrahydrofuran was prepared and added by dropping. Studies were performed by Konig and Geiger demonstrated that the introduction of HOBt as an additive to DCC reduces the racemization. [42] [43] Scheme 1. Coupling reaction.
Initially, the study was conducted using indole-2-carboxylic acid, 1a and several amino acids, 2a-f as starting substrates. (Table 1 The products 3a-f were obtained with moderate to good yields. Using L-alanine methyl ester hydrochloride and L-valine ethyl ester hydrochloride, the final products 3a and 3b were obtained with a yield of 70% and 65% respectively. Subsequently starting from amino acids, bearing in the side chain sterically bulky groups, such as L-phenylalanine methyl ester hydrochloride 2c and the L-isoleucine methyl ester hydrochloride 2d, the respective products 3c and 3d were obtained in moderate to good yields. In order to evaluate the generality and robustness of the method, amino acids, which have in the side chain other functional groups such as ester and thiol, were employed. Even in these cases, starting from L-glutamic acid diethyl ester hydrochloride 2e and L-cysteine methyl ester hydrochloride 2f the reactions proceed towards the formation of the carboxamides 3e and 3f in 57% and 61% yields respectively. Next, the effects of the substituents and the position of the carbonyl unit in the indole nucleus and also the insertion of pyrrole were evaluated ( Table 2) . Various substituents in the 5, 6 or 7 positions of the indoles have been employed. Both electron-donating groups (EDG) such as methoxy (3g, 3h), and electron-withdrawing group (EWG) such as fluoride (3i) were tolerated. Better result was obtained using 5-nitro indol-2-carboxilic acid as a starting material, which led to the product 3j with a yield of 79%. In addition, we evaluated the replacement of the carboxylic group from the 2 to the 3 position on the indole core. Starting from 1H-indole-3-yl acetic acid, the formation of products 3k and 3l were obtained with more or less variable yields. Using L-valine ethyl ester hydrochloride the product 3k was obtained in 44% yield, while using the L-isoleucine methyl ester hydrochloride the product 3l was isolated in 72% yield. Next, we extended the method to the pyrrole nucleus. Two sets of amino acids were used, the Lvaline ethyl ester hydrochloride and the L-phenylalanine methyl ester hydrochloride, obtaining the pyrrole carboxamides derivatives 3m, 3n in 65% and 58% yields, respectively. Some of these derivatives (3b, 3g and 3m) have been used with success in the Michael Initiated Ring Closure Reaction (MIRC) for the synthesis of enantiopure pyrazino fused-indoles and pyrroles without racemization. 44 Given the shortage of evaluation of possible biological significance of these types of molecules in literature, the growth inhibition abilities of some of these indole and pyrrole carboxamides (3g, 3h, 3j, 3m) were evaluated by MIC (Minimum Inhibitory Concentration) assay against ten fungal strains belonging to different species. Only compounds 3j and 3m showed a clear antimicrobial activity. MIC values were always above 62.5 g/mL, for all strains used in this valuation, a concentration that is higher than those normally shown by antifungal drugs already in use in clinical therapy. Compounds 3g and 3h showed a lower, although present, antimicrobial activity.
Conclusions
In conclusion, we developed the synthesis of new differently functionalized carboxamides obtained through a coupling reaction between 2-or 3-indole carboxylic acid or pyrrole 2-carboxylic acid with various amino acids. Several substitutions both on the aromatic ring and on the amino acid are well tolerated, and the corresponding carboxamides were obtained with satisfactory yields. Some of these compounds have been screened for their antifungal activity but these preliminary biological evaluations highlighted that compounds 3j and 3m have an inhibitory capacity against microbial growth at concentrations higher than 62.5 g/mL, a concentration higher than the ones normally used for the antimycotics. Lower, although not absent, is the inhibitory activity shown by compounds 3g and 3h, in the same concentration range. Given the presence within the same structure of two interesting nuclei, further work is in progress to explore other potential biological applications of these carboxamides based on amino acids.
Experimental Section
Chemistry. Commercial reagents and solvents were purchased from Sigma Aldrich, Alfa Aesar or VWR International and used without further purification. Thin layer chromatography (TLC) was performed on silica gel 60 F 254 (Merck) on aluminum sheets. Reaction products were purified by column chromatography performed on Merck silica gel 60 (70-230 mesh). 1 H and 13 C-NMR spectra were recorded at 400 and 100.62 MHz, respectively, on a Bruker Avance-DRX 400 instrument. Chemical shifts (δ) are reported in parts per million related to residual solvent signals (CHCl 3 , 7.26 ppm, DMSO 2.49 ppm for 1 H NMR, CDCl 3 77.0 ppm, DMSO 39.7 ppm for 13 C NMR). Coupling constants are given in Hertz (Hz) . The following abbreviations are used to indicate the multiplicity: s, singlet; d, doublet; t, triplet; m, multiplet; quint, quintet; sex, sextet; brs, broad signal. FT-IR spectra were recorded with a Jasco model 410 spectrometer equipped with a diffuse reflectance accessory and with Shimadzu QATR-S model. High resolution mass spectra (HRMS) were recorded on an Agilent 6540-UHD Accurate Mass Q-TOF LC/MS instrument or APEX IV 7T FTICR. GC analyses and MS spectra were carried out with an HP 6890 gas chromatograph (25 m dimethyl silicone capillary column) equipped with an HP 5973 Mass Selective. Optical rotations were measured with AP-100 automatic polarimeter Atago. Synthesis of indole and pyrrole carboxamides, 3a-n. To a suspension of indole or pyrrole carboxylic acids 1a-h (1.0 mmol) in dry tetrahydrofuran (8mL) N,N'-dicyclohexylcarbodiimmide (1.5 mmol) was added portionwise, maintaining the temperature below 0°C. After 20 minutes, 1-hydroxybenzotriazole (1.5 mmol) in dry tetrahydrofuran (4mL) was added, and the reaction was allowed to stir for additional 20 minutes. Finally, a suspension of desired amino ester hydrochloride (1.5 mmol) and triethylammine in dry tetrahydrofuran was prepared and added dropwise. The reaction mixtures were allowed to warm to room temperature. The progress of the reactions was monitored by TLC. The reaction mixture was filtrated in vacuo and the filtrate was diluted and extracted with EtOAc (3 × 50ml) and washed with 5% NaHCO 3, 10% HCl, water, and finally with brine. The organic layers were dried with anhydrous sodium sulfate and evaporated in vacuo. The products were purified using column chromatography on silica gel (EtOAc/PE 80:20 as eluent) afford the indole carboxamides 3a-l and pyrrole carboxamides 3m-n. The spectroscopic data of compounds 3a-n are reported below. For known compounds 3a-b, g, m-n only 1 H and 13 C NMR are reported. 44, 45 Methyl ( 
